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(57) ABSTRACT

A control system includes a controller. The controller repeat-
edly excites a control loop characterized by parameters hav-
ing randomly selected values for each excitation and scores a
response of the control loop to each excitation relative to a
target signal until the scores no longer achieve a value less
than a minimum of the scores for a predefined number of
excitations occurring after the excitation yielding the mini-
mum of the scores to auto-tune the control system.
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1
CONTROL SYSTEM AUTO-TUNING

TECHNICAL FIELD

This disclosure relates to auto-tuning of control systems.
BACKGROUND

A control system typically includes a controller and a plant
(e.g., a motor driving a load). The plant is connected to the
controller through a feedback loop. In operation, the plant is
controlled by output of the controller. Output of the plant is
fed back to the controller via the feedback loop and is sub-
tracted from a reference input to form an error signal. This
error signal is processed by the controller to generate a modi-
fied control input to the plant.

A controller typically includes filters and control algo-
rithms. Control algorithms amplify error signals and add
feed-forward terms to create command signals. These control
algorithms are tuned to maintain optimized command
response, disturbance rejection, stability, and noise suscepti-
bility in the presence of changes in characteristic properties
such as plant inertia, resonance due to compliance, backlash,
friction etc.

Control algorithms, such as PID (Proportional-Integral-
Derivative) control algorithms, are widely used. A PID type
control algorithm is so named because its control output is
derived from a weighted sum of a term proportional to the
input, a term proportional to the integral of the input, and a
term proportional to the derivative of the input. Such control
algorithms include a proportional amplification unit with a
proportional gain parameter, K, an integration unit with an
integration gain parameter, K,, and a derivative unit with a
derivative gain parameter, K,.

Tuning control algorithms includes setting or adjusting
associated gains to achieve desired performance. Since sta-
bility of a motion controller may vary due to interaction with
load condition, for example, gains of the control algorithms
should be tuned (adjusted) regularly to operate effectively for
the specified application. Poorly tuned control algorithms
either act aggressively or sluggishly, or with insufficient mar-
gins of stability. When uncertainty in disturbance or process
dynamic characteristics is large, tuning of control algorithms
is often difficult. As a result, the tuning process usually
requires manual tuning by an experienced technician. Manual
tuning, however, can be tedious and non-optimal.

SUMMARY

A controller performs a plurality of trials that each result in
a score until the scores no longer achieve a value less than a
minimum of the scores for a predefined number of trials
occurring after the trial yielding the minimum of the scores.
Each of the trials include the steps of providing a demand
signal to a control loop having parameters, comparing a target
signal to a response to the demand signal, generating a score
based on the comparison, and randomly adjusting values of
the parameters. The controller further outputs parameter val-
ues that yielded the minimum of the scores. The target signal
may have a magnitude and spectral content less than or equal
to a magnitude and spectral content of the demand signal. The
demand signal may represent white noise or broad spectrum
noise. The target signal may be a filtered version of the
demand signal. The target signal may be based on the demand
signal and a selectable dynamic factor that determines an
extent to which the demand signal is filtered. A maximum
value of the dynamic factor may correspond to a maximum
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frequency of the demand signal. The comparison may be
performed in the frequency domain.

Another controller performs a plurality of trials that each
result in a score until the scores no longer achieve a value less
than a minimum of the scores for a predefined number of trials
occurring after the trial yielding the minimum of the scores.
Each of the trials include the steps of providing a demand
signal to a control loop having parameters, comparing a target
signal to a response to the demand signal in the frequency
domain, the target signal being a filtered version of the
demand signal, generating a score based on the comparison,
and adjusting values of the parameters. The controller further
outputs parameter values that yielded the minimum of the
scores. The target signal may have a magnitude and spectral
content less than or equal to a magnitude and spectral content
of'the demand signal. The demand signal may represent white
noise or broad spectrum noise. A selectable dynamic factor
may determine an extent to which the demand signal is fil-
tered. A maximum value of the dynamic factor may corre-
spond to a maximum frequency of the demand signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a test arrangement.

FIG. 2 is flow chart of an algorithm for characterizing a
control system.

FIG. 3 is a flow chart of an algorithm for auto tuning
parameters of a control loop applied to a transfer function
representing a control system.

DETAILED DESCRIPTION

Embodiments of the present disclosure are described
herein. It is to be understood, however, that the disclosed
embodiments are merely examples and other embodiments
can take various and alternative forms. The figures are not
necessarily to scale; some features could be exaggerated or
minimized to show details of particular components. There-
fore, specific structural and functional details disclosed
herein are not to be interpreted as limiting, but merely as a
representative basis for teaching one skilled in the art to
variously employ the present invention. As those of ordinary
skill in the art will understand, various features illustrated and
described with reference to any one of the figures can be
combined with features illustrated in one or more other fig-
ures to produce embodiments that are not explicitly illus-
trated or described. The combinations of features illustrated
provide representative embodiments for typical applications.
Various combinations and modifications of the features con-
sistent with the teachings of this disclosure, however, could
be desired for particular applications or implementations.

Two issues often encountered when developing an auto
tuning control system are generating an accurate model of the
system and generating a target signal for the system to tune
against. Several techniques are known for generating accurate
system models and hence are not discussed in detail herein.
Several techniques are also known for generating target sig-
nals. These techniques, however, may focus on a particular
type of signal: the step response. Although the step response
may have desirable theoretical or mathematical properties,
some plant models may not respond well to it. Certain target
signals described herein may be filtered versions of demand
signals. Hence, parameters may be tuned against a response
that is actually achievable by the system.

Prior auto tuning algorithms may exhibit a tendency to
converge on solutions that are not optimal because tuning
parameters are adjusted in the direction that yields improve-
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ment. That is, changes to tuning parameters are based on
improved results from previous iterations. If error between a
target signal and system response is represented as a curve
having several valleys (with one of the valleys being the
global minimum and the other of the valleys being local
minimum), prior auto tuning algorithms may converge on a
solution that yields a local minimum for error rather than the
global minimum for error. Certain auto tuning techniques
described herein may randomly adjust tuning parameters
over a number of iterations to avoid the issue of converging on
a local minimum rather than the global minimum.

Referring to FIG. 1, a typical test arrangement 10 includes
at least one controller 12 operatively arranged with a plant 14
(e.g., a motor driving a load, etc.).

Referring to FIG. 2, an identification signal (representing
shaped noise for example) is applied to a plant under test to
excite the plant at operation 16. The identification signal may
have spectral content across the frequency range of interest. It
also may be of reduced amplitude and generally shaped so as
to not harm the plant. The plant (and 1/O subsystems of the
controller applying the identification signal) then generate a
characteristic response (e.g., a speed or torque response). At
operation 18, the response is recorded. At operation 20, the
frequency domain transfer function, H(F), is calculated based
on the identification signal and response. Such calculations
are well known and need not be discussed here. At operation
22, the corresponding time domain transfer function, h(t), is
calculated. The inverse fast Fourier transform of H(F), for
example, can be calculated to yield h(t). h(t) it thus a model of
the plant (and the I/O subsystems of the controller applying
the identification signal).

A control loop representing the controller used to apply the
identification signal to the plant is applied to h(t). Output of
the control loop is convolved with h(t) to generate feedback
that represents feedback of the plant (and the I/O subsystems
of the controller associated therewith). This feedback and a
target signal are driven into the control loop in a classical
command-feedback fashion to close the loop. Because gains
of'the control loop need to be adjusted in the time domain, the
simulation is run in the time domain.

Referring to FIG. 3, a demand signal is applied to the
control loop at operation 24. The demand signal, in this
example, is a random wave form. At operation 26, the result-
ing response is recorded. At operation 28, the response is
compared with a target signal. This (amplitude) comparison
is done in the frequency domain as a phase difference
between the response and target signal may exist in the time
domain. An error value, for example, may be calculated as the
absolute sum of differences of each spectral component. A
higher weight may be given to the first three spectral compo-
nents to ensure that low frequency components are well
reproduced.

The target signal may be generated, for example, by filter-
ing a random waveform. (Step functions are typically used for
target signals. Step functions, however, may lack sufficient
spectral content across the frequency range of interest. Addi-
tionally, it may be difficult to appropriately define system
delay time, ramp rate and overshoot.) The random waveform
may be the same as or different than that used for the demand
signal. If different, the random waveform may have a lower
frequency content compared to the demand signal. Hence,
magnitude and spectral content of such target functions will
be equal to or less than corresponding demand signals. That is
atbest, the system’s response to the demand signal will mimic
the demand signal. Subsequent control loop tuning, as a
result, will be based on a signal that is achievable.
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To alter the responsiveness of the system, various filters
may be used to filter the waveform. In one example, a sinc
filter in the frequency domain is used as it can represent a
corner rounding of a step function in the time domain. The
extent of filtering may be determined by a user selectable
dynamic factor. A dynamic factor of 1, in certain examples,
means that the target function is the same as the demand
signal. A dynamic factor of 0, in these same examples, means
that the target function is a heavily filtered version of the
demand signal. Other scenarios, however, are also possible.

At operation 30, it is determined whether the error is less
than any recorded error. If yes, the determined error is
recorded at operation 32. If, for example, a previous iteration
yielded an error value of 5 and the current iteration yielded an
error value of 3, the error value of 3 and its corresponding gain
parameters would be saved in place of the error value of 5 and
its corresponding gain parameters—the goal being to mini-
mize the error value and identify the corresponding gain
parameters that yield the minimum error value. Because such
error calculations necessarily result in high error numbers
when the control loop becomes unstable, gain parameters that
cause instability are rejected. Hence, no consideration needs
to be given to phase or gain margin. At operation 34, the
control loop parameters are randomly altered by way of, for
example, a random number generator. The algorithm then
returns to operation 24. 300 to 400 iterations, for example,
may be necessary to identify the global minimum error value.

Returning to operation 30, if no, it is determined whether
the number of iterations performed since the last time a new
lowest error value was found is less than a threshold at opera-
tion 36. If yes, the algorithm returns to operation 34. If no,
control parameters associated with the recorded (and thus
minimum) error value are output at operation 38. If, for
example, 50 iterations have been performed and none have
yielded an error value that is less than the minimum error
value found thus far, control parameters associated with the
minimum error value are output. The algorithm then ends.

As apparent to those of ordinary skill, the above described
algorithms do not directly attempt to achieve a particular
stability or phase margin. Accepted low error values neces-
sarily correspond to systems that are stable and rejected high
error values may correspond to systems that are unstable.
Similarly, insufficient phase margin will result in an unstable
system, and thus (rejected) high error values.

The processes, methods, or algorithms disclosed herein
can be deliverable to/implemented by a processing device,
controller, or computer, which can include any existing pro-
grammable electronic control unit or dedicated electronic
control unit, such as the controller 12. Similarly, the pro-
cesses, methods, or algorithms can be stored as data and
instructions executable by a controller or computer in many
forms including, but not limited to, information permanently
stored on non-writable storage media such as ROM devices
and information alterably stored on writeable storage media
such as floppy disks, magnetic tapes, CDs, RAM devices, and
other magnetic and optical media. Alternatively, the pro-
cesses, methods, or algorithms can be embodied in whole or
in part using suitable hardware components, such as Appli-
cation Specific Integrated Circuits (ASICs), Field-Program-
mable Gate Arrays (FPGAs), state machines, or other hard-
ware components or devices, or a combination of hardware,
software and firmware components.

While exemplary embodiments are described above, it is
not intended that these embodiments describe all possible
forms encompassed by the claims. The words used in the
specification are words of description rather than limitation,
and it is understood that various changes can be made without
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departing from the spirit and scope of the disclosure. As
previously described, the features of various embodiments
can be combined to form further embodiments of the inven-
tion that may not be explicitly described or illustrated. While
various embodiments could have been described as providing
advantages or being preferred over other embodiments or
prior art implementations with respect to one or more desired
characteristics, those of ordinary skill in the art recognize that
one or more features or characteristics can be compromised to
achieve desired overall system attributes, which depend on
the specific application and implementation. These attributes
may include, but are not limited to cost, strength, durability,
life cycle cost, marketability, appearance, packaging, size,
serviceability, weight, manufacturability, ease of assembly,
etc. As such, embodiments described as less desirable than
other embodiments or prior art implementations with respect
to one or more characteristics are not outside the scope of the
disclosure and can be desirable for particular applications.

What is claimed is:

1. A control system comprising:

at least one processor configured to

perform a plurality of trials that each result in a score
until the scores no longer achieve a value less than a
minimum of the scores for a predefined number of
trials occurring after the trial yielding the minimum of
the scores, each of the trials including
(1) providing a demand signal to a control loop having
parameters,
(i1) comparing a target signal to a response to the
demand signal,
(iii) generating a score based on the comparison, and
(iv) randomly adjusting values of the parameters, and
output parameter values that yielded the minimum of the
scores to auto-tune the control system.

2. The system of claim 1 wherein the target signal has a
magnitude and spectral content less than or equal to a mag-
nitude and spectral content of the demand signal.

3. The system of claim 1 wherein the demand signal rep-
resents white noise or broad spectrum noise.

4. The system of claim 3 wherein the target signal is a
filtered version of the demand signal.

5. The system of claim 3 wherein the target signal is based
on the demand signal and a selectable dynamic factor that
determines an extent to which the demand signal is filtered.

6. The system of claim 5 wherein a maximum value of the
dynamic factor corresponds to a maximum frequency of the
demand signal.

7. The system of claim 1 wherein the comparison is per-
formed in frequency domain.

8. A control system comprising:

at least one processor configured to

perform a plurality of trials that each result in a score
until the scores no longer achieve a value less than a
minimum of the scores for a predefined number of
trials occurring after the trial yielding the minimum of
the scores, each of the trials including
(1) providing a demand signal to a control loop having
parameters,
(i1) comparing a target signal to a response to the
demand signal in the frequency domain, the target
signal being a filtered version of the demand signal,
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(iii) generating a score based on the comparison, and
(iv) adjusting values of the parameters, and

output parameter values that yielded the minimum ofthe
scores to auto-tune the control system.

9. The system of claim 8 wherein the target signal has a
magnitude and spectral content less than or equal to a mag-
nitude and spectral content of the demand signal.

10. The system of claim 8 wherein the demand signal
represents white noise or broad spectrum noise.

11. The system of claim 8 wherein a selectable dynamic
factor determines an extent to which the demand signal is
filtered.

12. The system of claim 11 wherein a maximum value of
the dynamic factor corresponds to a maximum frequency of
the demand signal.

13. A control system comprising:

at least one processor configured to repeatedly excite a

control loop characterized by parameters having ran-
domly selected values for each excitation and score a
response of the control loop to each excitation relative to
a target signal until the scores no longer achieve a value
less than a minimum of the scores for a predefined num-
ber of excitations occurring after the excitation yielding
the minimum of the scores to auto-tune the control sys-
tem.

14. A computer implemented method for auto-tuning a
control system, the method comprising:

by a processor,

performing a plurality of trials that each result in a score

until the scores no longer achieve a value less than a

minimum of the scores for a predefined number of

trials occurring after the trial yielding the minimum of
the scores, each of the trials including

(1) providing a demand signal to a control loop having
parameters,

(ii) comparing a target signal to a response to the
demand signal,

(iii) generating a score based on the comparison, and

(iv) randomly adjusting values of the parameters; and

outputting parameter values that yielded the minimum
of the scores to auto-tune the control system.

15. A computer implemented method for auto-tuning a
control system, the method comprising:

by a processor,

performing a plurality of trials that each result in a score

until the scores no longer achieve a value less than a

minimum of the scores for a predefined number of

trials occurring after the trial yielding the minimum of
the scores, each of the trials including

(1) providing a demand signal to a control loop having
parameters,

(ii) comparing a target signal to a response to the
demand signal in frequency domain, the target sig-
nal being a filtered version of the demand signal,

(iii) generating a score based on the comparison, and

(iv) adjusting values of the parameters; and

outputting parameter values that yielded the minimum
of the scores to auto-tune the control system.
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